: studying words that fit a common schema (e.g., cold, blizzard, winter) often produces memory for a nonstudied word (e.g., snow). We propose that frontal lobe regions that contribute to complex decision-making processes by weighting various alternatives, such as ventromedial prefrontal cortex (vmPFC), may also contribute to memory processes by weighting the influence of schematic knowledge. We investigated the role of human vmPFC in false memory by combining a neuropsychological approach with the DRM task. Patients with vmPFC lesions (n ϭ 7) and healthy comparison participants (n ϭ 14) studied word lists that excluded a common associate (the critical item). Recall and recognition tests revealed expected high levels of false recall and recognition of critical items by healthy participants. In contrast, vmPFC patients showed consistently reduced false recall, with significantly fewer intrusions of critical items. False recognition was also marginally reduced among vmPFC patients. Our findings suggest that vmPFC increases the influence of schematically congruent memories, a contribution that may be related to the role of the vmPFC in decision making. These novel neuropsychological results highlight a role for the vmPFC as part of a memory network including the medial temporal lobes and hippocampus (Andrews-Hanna et al., 2010).
Introduction
Contextual knowledge derived from previous experience is referred to as a schema (Bartlett, 1932; Alba and Hasher, 1983) . Schemas exert a powerful organizing influence on memory that can produce improved recall (Bransford and Johnson, 1972) , altered recall (Bartlett, 1932) , or false recall (Roediger and McDermott, 1995) . Here, false recall is plausible but inaccurate memory for events that allows related, nonspecific experience to proactively interfere with specific episodic memory. Therefore, accurate memory for a specific episode requires arbitration between competing schematic and episodic elements because a schema is likely to be partly consistent and partly inconsistent with a related episode. Although declarative memory for episodes and general knowledge is known to depend on the medial temporal lobe (MTL) and hippocampus (Scoville and Milner, 1957; Cohen and Squire, 1980) , less is known about the brain regions supporting the integration of schematic memory.
A recent proposal (van Kesteren et al., 2012) suggested that medial prefrontal cortex (PFC) plays a critical role for new memories that overlap with existing knowledge, effectively weighting the influence of schematic memory. For example, increasing the weight of schematically related memories when recalling words fitting a "winter" schema would increase the probability of recalling the nonstudied word "snow" (as in the DRM paradigm). The ventromedial PFC (vmPFC) may serve as a neural substrate for this process because neuropsychological investigations have shown that vmPFC influences complex decision making by weighting different alternatives (Damasio, 1994; Bechara et al., 1997; Bechara and Damasio, 2005; Koenigs et al., 2007) . Moreover, the vmPFC is anatomically (Ongür and Price, 2000; Saleem et al., 2008) and functionally (Ranganath et al., 2005; AndrewsHanna et al., 2010) connected with MTL regions supporting memory. Reflecting that connectivity, vmPFC (or a homologous region) is activated when schematic or contextual memory is exercised as shown in animal models (Euston and McNaughton, 2006; Tse et al., 2007 Tse et al., , 2011 and neuroimaging studies (Kumaran et al., 2009; van Kesteren et al., 2010; Bonnici et al., 2012; Zeithamova et al., 2012a) . In this context, it is notable that severe declarative memory impairments after vmPFC damage are uncommon (Janowsky et al., 1989; Stuss et al., 1994) , although damage to vmPFC (sometimes extending to surrounding regions) may increase confabulation and false recognition (DelbecqDerouesné et al., 1990; Umeda and Kato, 2000; Umeda et al., 2001; Gilboa et al., 2006) .
We tested whether the vmPFC plays a role in weighting the influence of schematic memory by evaluating false recall and recognition in patients with vmPFC lesions. We used the DRM paradigm, which promotes schematically consistent false memories (Roediger and McDermott, 1995) . If vmPFC increases the weight of schematic memory, then damage to the vmPFC should change the relative influence of schematic and episodic knowledge by decreasing the influence of schematic memory and leading to fewer false memories. Thus, we predict that patients with vmPFC damage will have reduced false memory. Alternatively, normal performance would be expected if the vmPFC does not influence schematic memory.
Materials and Methods

Participants
Patients with vmPFC lesions ("vmPFC patients"; n ϭ 7; three males, four females; Table 1 ) were drawn from the Iowa Neurological Patient Registry, which contains data for patients with focal, stable brain lesions who underwent comprehensive neuropsychological testing at least 3 months after symptom onset. Lesions were verified using computerized tomography or magnetic resonance imaging and traced in a template space according to the MAP-3 lesion method (Damasio and Frank, 1992; Frank et al., 1997) . Maximal overlap of the lesions was localized to the vmPFC (Fig. 1A) . Healthy normal comparison participants (NC or "comparisons"; n ϭ 14; six males and eight females) matched to the vmPFC patients (2:1) on sex, age, and education were recruited from the Iowa City community. All participants granted informed consent and were paid; all procedures were conducted according to the Declaration of Helsinki. Figure 1. Neuroanatomy of the vmPFC patients and performance of both groups on the DRM task. Healthy comparisons and vmPFC patients completed the DRM task, which provokes false recall and recognition through omission of a strong associate from a studied list of schematically related words. A, Lesion overlap was concentrated in the vmPFC (hotter colors indicate more cases with overlapping lesions; see scale). Black lines in the medial view correspond to coronal slices (rostral to caudal; radiological convention, L marks left hemisphere). B, Left, The comparison and vmPFC groups recalled a similar proportion of studied items, but (right) the vmPFC group had fewer critical intrusions than the comparison group (error bars indicate SEM; *p Ͻ 0.05; n.s., no statistical difference). C, Left, The comparison and vmPFC groups had similar recognition of studied items, but (right) the vmPFC group was somewhat less likely to incorrectly recognize critical items as studied (error bars indicate SEM; ϳ indicates marginal group difference). Solid bars indicate vmPFC group performance when patient 0318 was excluded; dashed bars reflect the inclusion of patient 0318 (Table 2) . D, During recall, both groups showed typical primacy and recency effects. No significant between-group differences were observed (points indicate group means; error bars indicate SEM). E, DRM lists provoked different rates of critical intrusion in the two groups. Comparisons produced more critical intrusions regardless of ranked list effectiveness (ordered from most to least effective for each group independently). Prop., Proportion; CI, critical intrusion.
Materials
False recall and recognition were evaluated using the DRM paradigm (Roediger and McDermott, 1995) , which tests memory for word lists related to a nonpresented semantic associate, the critical item. By establishing a schema consistent with the critical item, the word lists promote false memory: during recall, critical items often intrude, and during recognition, critical items are often recognized. We selected 18 DRM word lists of 15 words each from published norms (Stadler et al., 1999) . All words were pre-recorded by a female speaker. For the recognition task, 54 studied words were selected (items 1, 8, and 10 from each list), along with the 18 critical words. New items were 54 nonstudied words from other DRM word lists.
Procedure
Recall. Participants were instructed to listen to and remember prerecorded word lists played by a computer. Words were presented aurally at a rate of one every 2.5 s. Immediately after the final word, participants were cued (visually) to begin recalling as many words as possible starting with the last list items to control for any group differences in recall order (Stuss et al., 1994 ) that might influence serial position effects. Participants recalled words until they indicated that they were finished, at which point the experimenter asked if they could recall any additional words. Afterward, the next list was presented. Participants practiced with one unique list before the main phase. After the final list was recalled, participants took a 3 min rest break.
Recognition. Words were presented to participants visually one at a time. Participants responded "yes" or "no" with a key press to indicate whether each item had been presented by the computer in the recall phase and then rated their confidence (1-4, low to high).
Analysis
Scoring recall performance. Recall performance was scored manually during the session by the experimenter (D.E.W. or S.H.J.). For seven comparisons and all vmPFC patients, scoring was confirmed by two raters who were blind to the experimental hypothesis using audio-video recordings. Blind-rater data were used in all analyses when available because it allowed measurement of order of recall and noncritical intrusions. For one vmPFC patient, several recordings were unavailable (4 of 18 lists for patient 3350); session-time scoring was used for those sessions.
Statistics. Statistical analysis was performed using R software (3.0.1). Group mean differences were calculated along with 95% confidence intervals (CIs). Repeated-measures ANOVA tests were used to evaluate fixed effects of group and true versus false memory for recall and recognition. Additionally, planned comparisons were conducted using nonpaired equal-variance t tests to test group differences. Permutation tests of the planned comparisons are reported as p perm and were calculated as follows: bootstrapped distributions were created by assigning group membership to the data in 10 5 randomly selected permutations, recording the statistic value for each permutation, and determining the percentile rank of the observed statistic value in the bootstrapped distribution. Effect size was measured with an unbiased variant of Cohen's d that accounts for small sample sizes (d unb ) (Grissom and Kim, 2012, p 70) . Paired equal-variance t tests, permutation tests, and Pearson's r were used to evaluate the relationship between true recall and Rey Auditory Verbal Learning Test (AVLT) performance for patients; correlations between rates of false recall and other neuropsychological test scores were also evaluated. Between-group serial position effects were evaluated using a repeated-measures ANOVA implemented as a hierarchical linear model with participants as a random effect and post hoc linear contrasts at each serial position, corrected for multiple comparisons.
Recall. Studied-item recall was summarized as mean proportion recall across all lists: Corrected recognition. Recognition performance was characterized using dЈ (Macmillan and Creelman, 2005) . Corrected true recognition used the studied-item hit rate, corrected false recognition used the criticalitem endorsement rate, and the false-alarm rate for new items was the same for both. Rates of 0 or 1 were replaced with values of 1/(2 ϫ N ) and 1 Ϫ [1/(2 ϫ N )], respectively, before calculation, with N equal to the number of trials contributing to the analysis (Macmillan and Creelman, 2005) .
Results
Recall
True recall performance was similar between the vmPFC and comparison groups, but the vmPFC group showed reduced false recall. Statistically, there was no main effect of group (F (1,19) ϭ 2.275, p ϭ 0.148) or accuracy of recall (F (1,19) ϭ 0.486, p ϭ 0.494), but the interaction of these factors was significant (F (1,19) ϭ 8.035, p ϭ 0.011). In planned comparisons, true recall was indistinguishable between the comparison and vmPFC groups (t (19) ϭ 0.482, p ϭ 0.635, p perm ϭ 0.684; Fig. 1B , left; Table 2 ) and across serial positions (F (14,265) ϭ 1.305, p ϭ 0.204; Fig. 1D ). Furthermore, vmPFC patients' true recall was positively (although marginally) correlated with previously measured word list recall [AVLT trial 1; Pearson's r ϭ 0.687, p ϭ 0.088, 95% CI ϭ (Ϫ0.138, 0.949)]. In support of our prediction, vmPFC patients reported significantly fewer critical items than comparisons (t (19) ϭ 2.424, Individual performance of all participating vmPFC patients is presented for proportion (prop.) recall of studied items and critical items (Crit.), for three categories of signal detection theory (SDT) responses, and for corrected recognition (dЈ) of studied and critical items. Group means for each measure are presented below, as are group mean differences, 95% CIs for the mean differences, and a standardized effect size measure with a correction for small sample sizes (d unb p ϭ 0.025, p perm ϭ 0.006; Fig. 1B, right ; Table 2 ). This pattern was exemplified by one vmPFC patient (2391) who had the best true recall performance observed in either group (proportion recall, 0.715) but whose critical intrusion rate (0.389) was well below the normal mean of 0.524. Also, there was a global reduction in critical intrusion rates for all 18 lists ranked on effectiveness for each group (Fig. 1E) Fig. 1C ). Corrected true recognition differed no more than marginally between groups (t (19) ϭ 1.477, p ϭ 0.156, p perm ϭ 0.087). This analysis was repeated while excluding the data of one vmPFC patient with an unusually high false-alarm rate (Table 2) , and the effect size of the group difference in false recognition remained large (d unb ϭ 0.722) but was statistically marginal (t (18) ϭ 1.545, p ϭ 0.140, p perm ϭ 0.069).
Supporting analyses
We conducted several additional analyses to investigate the specificity of the reduced false recall of the vmPFC group. For example, false recall could be reduced by defective semantic memory or impaired ability to generate words in response to cues. The patients did not have any notable learning impairment on several neuropsychological tests of memory, and their normal verbal IQ scores suggested intact semantic memory (note that verbal IQ subtests including Similarities, Information, and Vocabulary tax semantic memory; Table 1 ). Patients performed the Controlled Oral Word Association (COWA) test and a category fluency test normally on average, suggesting intact generation abilities. Additionally, there were no significant correlations between false recall and COWA (r ϭ Ϫ0.434, t (5) ϭ 1.076, p ϭ 0.331) or category fluency (r ϭ Ϫ0.048, t (5) ϭ 0.107, p ϭ 0.919) performance. These results show that vmPFC damage produced a specific reduction in false recall rather than a generalized deficit. There is some evidence (Deese, 1959 ) that schematic memory may improve recall of schematically consistent lists (e.g., DRM word lists) versus schematically inconsistent lists (e.g., AVLT word lists). If vmPFC damage alters schematic memory processes, beneficial schema-related effects should be reduced alongside negative effects. To the extent that this prediction would be true, then schematic consistency among DRM list items could have enhanced true recall for comparisons but not for vmPFC patients. Our design did not address this corollary prediction directly, but associative strength between items on a DRM list and the critical item is not correlated with true recall (Roediger et al., 2001) . Consistent with this, we did not observe a group difference in true recall, nor did we find significant evidence for a schematic benefit to true recall in either group. Comparison participants did not complete the AVLT, but normative proportion recall expectations on AVLT trial 1 (Schmidt, 1996) were reported as mean of 0.393, 95% CI ϭ (0.180, 0.607), which encompasses the true recall performance of both groups (NC, 0.485; vmPFC, 0.506) . Furthermore, contrasting the true recall of the vmPFC group with their AVLT trial 1 recall revealed no statistical difference (AVLT trial 1 mean, 0.505 Ϯ 0.060; DRM mean, 0.506 Ϯ 0.047; t (6) ϭ 0.031, p ϭ 0.976, p perm ϭ 0.510, d unb ϭ 0.009). These supplemental analyses do not support the proposition that recall performance of either group benefitted from schematic consistency among word lists. Future investigations could evaluate effects of vmPFC damage on schematic enhancement of memory directly. Based on previous research (Deese, 1959) and our findings, we predict that sensitive measurement could show a small but significant reduction in true recall complementing the reduction in false recall we observed.
Discussion
We found that patients with vmPFC damage showed significantly reduced false recall of schematically consistent words and some evidence that false recognition was also reduced. These findings have important implications for the cognitive neuroscience of memory because they unite converging results from studies using animal models (Euston and McNaughton, 2006; Tse et al., 2007 Tse et al., , 2011 and functional neuroimaging of healthy participants (Kumaran et al., 2009; van Kesteren et al., 2010 van Kesteren et al., , 2013 Bonnici et al., 2012; Zeithamova et al., 2012a,b) that suggested a key role for vmPFC in integrating information into schematic memory or weighting the influence of schematic memory. Notably, complementary or alternative explanations for the observed contributions of vmPFC to false memory are also plausible, including schema generation or maintenance.
Schema acquisition is often operationalized as integrating conceptual knowledge about a novel task, a process that selectively engages hippocampus and vmPFC (Kumaran et al., 2009; Zeithamova et al., 2012b) . Schemas should also support rapid new learning (Bransford and Johnson, 1972) , and this ability has been directly tied to the rodent prelimbic region (a vmPFC homolog) (Tse et al., 2007 (Tse et al., , 2011 . Evidence for a similar relationship in humans was found in neuroimaging data (van Kesteren et al., 2010) : participants studied information presented in a schematically consistent or inconsistent manner, and, for the schemastudy group, delayed test performance was associated with increased functional connectivity between vmPFC and hippocampus. This result converges with other work to indicate that vmPFC is strongly related to the acquisition and use of schematic information.
Our demonstration that vmPFC is important for normal false memory processes complements the acknowledged importance of the vmPFC as a convergence zone for environmental, physiological, and mnemonic signals arising from posterior cortical regions that can influence response selection in complex decisions (Damasio, 1994; Bechara et al., 1997; Bechara and Damasio, 2005) . From a lifespan development perspective, age-related changes to the neuroanatomy of PFC (Raz et al., 2005) or larger memory-related networks (Andrews-Hanna et al., 2007) may increase susceptibility to false memory phenomena, such as false recall (Norman and Schacter, 1997; Schacter et al., 1997; Butler et al., 2004 ) that could manifest in real-world vulnerabilities (e.g., to deceptive advertising; Denburg et al., 2007) . In the context of healthy aging, our findings resemble those of a previous investigation contrasting DRM recall of young and older adults (Norman and . Older adults in both studies (including vmPFC patients) showed similar true recall and false recall of healthy older participants was also similar. Intriguingly, false recall by young adults was less frequent and closely resembled that of our vmPFC group, suggesting that vmPFC damage may offset age-related increases in false recall. We speculate that vulnerability to false recall in older adults could be attributable to overreliance on schematic memory because of age-related impairment of episodic memory functions (Balota et al., 2000) associated with reductions in hippocampal volume (Allen et al., 2005; Raz et al., 2005) , and future research could address that relationship.
We found some evidence that vmPFC damage reduces both false recall and false recognition, effects not reported previously to our knowledge. The smaller effect size of between-group differences in false recognition could potentially have been attributable to a ceiling effect. Our design included auditory study followed by visual recognition test and produced high false recognition rates in both groups (Table 2) , but future studies could potentially adapt our methodology to reduce false recognition for all groups . Our findings differ from previous reports of DRM recognition by vmPFC patients which found that patients endorsed studied, unstudied, and critical items more frequently than comparisons (Umeda and Kato, 2000; Umeda et al., 2001 ). Nonspecific high rates of endorsement would suggest a general relaxation of recognition memory criteria that we observed in only one patient (Table 2) , whereas the rest of the vmPFC group had normal true recognition. Furthermore, patients in our study did not produce more studied or nonstudied items during recall (cf. Delbecq-Derouesné et al., 1990) , again suggesting normal response criteria. Differences with previous reports may be attributable to neuroanatomical, neuropsychological, demographic, or task variables. We believe that our vmPFC sample is unusually intact neuropsychologically (Table  1) and has a relatively focal and homogeneous distribution of lesions (Fig. 1A) .
Memory distortions are a pervasive phenomenon observed across healthy populations (Roediger and McDermott, 1995) , patients with severe amnesia , and even people with highly superior autobiographical memory (Patihis et al., 2013) . The latter authors remarked that, "Although it is always possible that some group might be found to be immune to memory distortions, none has as yet been discovered." While vmPFC patients were not strictly "immune," the pronounced reduction in the false recall of vmPFC patients suggests that the vmPFC plays an important role in false memory processes and in the weighting of schematic memories beyond its acknowledged role in decision making. Our findings provide novel insight into the role of the vmPFC in schematic memory, link the literatures of decision making and memory, and suggest that the vmPFC participates in a memory network that includes the MTL and hippocampus.
